We conducted studies to determine whether introducing an interactive textbook into introductory STEM (science, technology, engineering, math) courses can improve student grades. We define an interactive textbook as one with substantially less text than a traditional textbook, instead having numerous embedded question sets designed for learning and not quizzing, having numerous animations of key concepts, and with some built-in tools. The studies included four introductory computer-programming courses at three universities: C++ at Univ. of Michigan, C/C++ at Univ. of Arizona, and MATLAB at Univ. of California at Davis. For each, two course offerings were compared, the first using a static textbook or static web resources, and the second using an interactive textbook. Most other course features remained the same between offerings, including the teacher and the semester offering (e.g., Spring semester), or were very similar; differences are noted. We analyzed final course grades and performance on specific course items. Across all courses involving 1,945 students, course grades improved by 0.28 points on a 0-4 point scale (pvalue < 0.001), or 1/4 letter grade, from static to interactive textbook. More importantly, students in the lower quartile of the course improved by 0.38 points (p-value < 0.001), or 1/3 letter grade. Exam scores improved by 13.6% (p-value < 0.001) and project scores by 7.4% (p-value < 0.001) from static to interactive textbooks. 98% of the students subscribed to the interactive textbook and completed at least some activities on the interactive textbook. The average student completed 87% of the assigned activities in the interactive textbook.
INTRODUCTION
Student acquisition rates of required college textbooks continues to drop [11] with 65% of students at least once not purchasing a required textbook [19] . Possible reasons include cost, and a growing disconnect between traditional textbooks (even in electronic form) and current student learning styles involving media/interaction. For example, 22% of students do not purchase the required textbook [24] . Noting high costs and low usage rates, some teachers have stopped requiring textbooks, relying instead on various sources like miscellaneous web resources and instructor notes. Meanwhile, attrition rates in introductory STEM (science, technology, engineering, and math) courses are high, with a U.S. national average of 48% of bachelor's degree students leaving the STEM majors (and 69% for associate's degree students) [3] .
We hypothesize that interactive textbooks can help counter these negative trends, leading to improved grades in introductory STEM courses. In this paper, "interactive textbook" refers to material involving less text, and instead having extensive learning-focused question sets, animations of key concepts, and interactive tools. Such an interactive textbook typically is written from scratch for the web, but could include a previously-static textbook that is thoroughly redone for the web. This paper specifically does not consider typical conversions of static textbooks into electronic form, even if supplemented with some interactive activities, as an interactive textbook; such materials commonly involve content bloat, and the existence of the large static portion does not address the disconnect with student learning styles.
An earlier randomized control trial demonstrated significant learning outcome improvements for a particular topic in introductory programming, with 16% average improvements, and with 64% improvement for the initially weakest lower quartile [4] . The comparison was between an electronic version of a textbook versus interactive learning material (both accompanied by a webbased programming environment for practice). Furthermore, students voluntarily spent twice as much time engaged in the interactive learning material, and also self-reported higher engagement.
Ultimately, however, the question remains whether such material leads to improved performance in a course. Answering that question can be difficult due to the many variables that differ across offerings of a course in different semesters. This paper presents cross-semester case studies for four large introductory programming courses at three universities. Each course previously used a traditional textbook or no textbook, and each course then introduced a required interactive textbook as the main difference between classes (a class is a particular offering of a course). Other course features remained mostly the same, including the teacher; differences are noted in each case study. The analyses of the student grade performance in each case study, and a combined analysis, show significant grade improvements after introducing the interactive textbook.
Background
Interactive learning materials have been shown to improve student learning outcomes in computer science [4] and other STEM fields [2] [9] [26] . In previous work, Edgcomb [4] conducted a controlled study with 136 participants comparing the lesson effectiveness of electronic textbooks having static web content versus interactive web-native content. Lesson effectiveness was measured with a pre-and post-lesson quiz. Students assigned the interactive content improved 16% more (p-value = 0.016) than students assigned the static content. More importantly, for the students starting in the lower-quartile, students assigned the interactive content improved 64% more (p-value < 0.001) than students assigned the static content. Students reported higher learningengagement (p-value = 0.055) with the interactive content (5.3/6 points) than the static content (4.8/6 points). Also importantly, students chose to spend nearly double the amount of time (p-value < 0.001) with the interactive content (17.5 minutes) than the static content (9.4 minutes). Hagerty [9] showed that ALEKS, a webbased education system for college algebra, significantly improved student exam scores in college algebra courses.
Woody [27] conducted a study comparing a traditional textbook with an e-textbook, reporting student preference and self-reported usage. The e-textbook was not a web-native textbook, instead the e-textbook was a digital version of the traditional textbook. Woody concluded that, "the design of an e-book may need to differ from that of a textbook to make for a more constructive user experience". The participants selected for the study did not necessarily know how to study from an e-textbook, as the selected participants only had to have had the option to an e-textbook in a previous course. Further, student performance in the class was not measured, so the relative usefulness of traditional textbooks and etextbooks was unclear. [8] , at the University of San Francisco, has developed many interactive, visual tools from early data structures through undergraduate algorithms.
Interactive textbooks may benefit flipped and active learning classroom models that have been shown to improve student performance [7] [16] [20] [21] [22] . Freeman [7] metaanalyzed 225 studies comparing active learning and traditional lecture classes in undergraduate science, technology, engineering, and math (STEM). Active learning students had 6% higher exam scores than traditional lecture students. Also, a given student was 1.5 times more likely to fail when in a traditional lecture class than active learning class. Porter [16] found that across more than 10,000 students in a peer-instruction (PI) computer science course had a 67% lower fail rate (p-value < 0.01) than students in a traditional course. In similar work, Simon [20] found that students in a PI class experienced better class enjoyment, improved attendance, better attentiveness, and improved awareness of ones own learning. One criticism of flipped and active classrooms is that more time is focused on less material. Interactive textbooks are well-suited to before-class assigned reading as shown in this paper by the 87% average assigned reading completion.
Case study methods
Two classes of a given course were selected for comparison. The selection criteria included that both classes were taught:
• by the same instructor
• during the same semester (or quarter) of different years, e.g., Spring 2011 and Spring 2013
• within 2 years of each other
The two classes were evaluated for student performance on multiple class metrics: assignments, projects, exams, class scores, and class grades. Each metric was compared between the classes using two measurements: the average student performance and the percentage change from the first class to the second class.
The grade scales are omitted from this paper to avoid potential issues with students learning the exact grade cutoffs.
Case study 1: CS2 with C language 4.1 Course information
The course was ECE 275, "Computer Programming II", a sophomore-level course at the University of Arizona. The course teaches the C/C++ programming language.
The comparison is between the Fall 2012 semester using a traditional textbook, and the Fall 2013 semester using an interactive textbook [28] with 1411 activities. All other aspects of the course were mostly unchanged.
Fall 2012 had 124 students, and Fall 2013 had 133 students. Grades for both semesters were primarily from 40 points for programming assignments and 40 points for exams, of similar difficulty. Fall 2012 had 10 points for quizzes and 10 points for in-class and online exercises (instructor created). Fall 2013 had 10 points for quizzes and in-class-exercises, and 10 points for online exercises (interactive textbook activities, automatically logged when student does the activities while reading).
All of the students in Fall 2013 subscribed to the interactive textbook and completed at least one online exercise. The average student completed 87% of the assigned online exercises.
Analysis
The programming assignments average was 26. As shown in Figure 1 , the Fall 2012 class had 27% As, 26% Bs, 12% Cs, 14% Ds, and 22% Fs. The Fall 2013 class had 28% As, 29% Bs, 15% Cs, 14% Ds, and 15% Fs. On a 0 to 4 point grade scale, the students using the interactive textbook averaged 0.19 higher final grade (p-value = 0.15) than the students using the traditional textbook.
More importantly, for the lower half of the class, the students using the interactive textbook had 0.34 grade points higher (pvalue = 0.03) than the students using the traditional textbook, on a 0 to 4 scale, meaning an increase of 1/3rd a letter grade. For the lowest quartile of the class, the students using the interactive textbook averaged 0.26 higher grade points (p-value = 0.008) than the students using the traditional textbook.
In Fall 2012, 97 out of the 124 students passed, meaning earned higher than an F, (78.2% pass rate), while in Fall 2013, 113 out of the 133 students passed (85.0% pass rate). Proportionally, 8.6% more students passed (p-value = 0.08) the class using the interactive textbook than the class using the traditional textbook.
Case study 2: Problem solving with MATLAB 5.1 Course information
The course was ENG 06, "Engineering Problem Solving", a freshmen-level course at the University of California at Davis. The course uses Matlab for engineering problem solving. 
Analysis
The As shown in Figure 2 , the Winter 2012 class had 12.8% As, 60.2% Bs, 21.8% Cs, 5.2% Ds, and 0.0% Fs. The Winter 2014 class had 60.8% As, 33.9% Bs, 4.1% Cs, 0.8% Ds, and 0.4% Fs. On a 0 to 4 point grade scale, the students using the Zyante textbook averaged 0.7 higher final grade (p-value < 0.001) than the students using the traditional textbook. From Figure 1 , Winter 2014 had more As and fewer Bs, Cs, and Ds than Winter 2012.
For the lower half of the class, the students using the interactive textbook had 0.72 grade points higher (p-value < 0.001) than the students using the traditional textbook, on a 0 to 4 scale.
More importantly, for the lowest quartile of the class, the students using the interactive textbook averaged 0.93 higher grade points (p-value < 0.001), nearly a full letter grade improvement, than the students using the traditional textbook. points from homework and participation were for completing online textbook exercises (interactive book activities, automatically logged when student does the activities while reading).
Case study 3: CS1 with C++ language 6.1 Course information
98% of students in Winter 2014 subscribed to the interactive textbook and completed enough activities to earn points.
Analysis
The total points average for The Winter 2013 class had 34.3% As, 38.1% Bs, 17.0% Cs, 5.0% Ds, and 5.5% Fs. The Winter 2014 class had 40.6% As, 34.3% Bs, 16.1% Cs, 5.3% Ds, and 3.6% Fs. On a 0 to 4 point grade scale, the students using the interactive textbook averaged 0.12 higher final grade (p-value = 0.086) than the students using static web resources. From Figure 3 , Winter 2014 had more As and fewer Bs and Fs.
For the lower half of the class, the students using the interactive textbook had 0.15 higher final grade (p-value = 0.074) than the students using static web resources, on a 0 to 4 scale, including 5.0% improvement, from 377 to 387, (p-value = 0.007) in exam scores and 8.3% improvement, from 279 to 302, (p-value < 0.001) in project scores.
More importantly, for the lowest quartile of the class, the students using the interactive textbook averaged 0.20 higher grade points (p-value = 0.067) than the students using static web resources, on a 0 to 4 scale, including 10.1% improvement, from 328 to 353, (pvalue = 0.002) in exam scores and 16.9% improvement, from 231 to 279, (p-value < 0.001) in project scores.
Case study 4: CS1 with C language 7.1 Course information
The course was ECE 175, "Computer Programming I", at the University of Arizona. The course teaches the C programming language. The majority of students were engineers (60.9%), followed by science (19.4%) and letters arts (12.9%). The students were 16.6% Freshmen, 41.9% Sophomore, 27.4% Juniors, and 13.9% Seniors.
The comparison is between the Fall 2012 semester using a traditional textbook, and the Fall 2013 semester using an interactive textbook [28] with 627 activities. All other aspects of the course were mostly unchanged. 98.8% of students in Fall 2013 subscribed to the interactive textbook and completed at least one online exercise. The average student completed 88% of the assigned activities.
Analysis
The total points average for For the lower half of the class, the students using the interactive textbook had 0.28 grade points higher (p-value < 0.155) than the students using the traditional textbook, on a 0 to 4 scale. For the lowest quartile of the class, the students using the Zyante textbook averaged 0.20 higher grade points (p-value < 0.307) than the students using the traditional textbook.
Cross-semester combined analysis
We conducted an analysis combining the 1,945 students in four courses. Five student assessments were consistent in each course and considered in the combined analysis: exams, projects, class score, class letter grade, and pass rate. For each student's assessment score, that score was z-scored across both semester's of that course. Then, the z-scores were concatenated for classes using static content, and separately concatenated for classes using interactive content. Finally, the concatenations were compared. Any student with a z-score over 10 or under -10 were considered an outlier in the course and excluded from this analysis. Table 1 shows the comparison between the static and interactive class z-scores. The overall average z-score is 0, so any assessment above 0 is above overall average. Similarly, any assessment below 0 is below overall average. The z-score improvement is the difference between the interactive and static average z-score. The improvement percentage is the percentage of area under a normal distribution for the z-score improvement.
All of the interactive averages were above the respective static average. The exam average improved by 13.6% (p-value < 0.001) from static to interactive classes. The projects average improved by 7.4% (p-value < 0.001) from static to interactive classes. The class score improved by 14.3% (p-value < 0.001) from static to interactive classes. The class letter grade improved by 0.28 points on a 4-point scale (12.6% improvement, p-value < 0.001) from static to interactive classes. The lower quartile of students improved by 0.38 points on a 4-point scale (p-value < 0.001). The pass rate improved by 2.9% (p-value = 0.067) from static to interactive classes.
Participants
Roman Lysecky (ECE 275) is an associate professor at the Univ. of Arizona, and has taught the course 3 times.
Andre Knoesen (ENG 06) is a professor at the Univ. of California at Davis, and has taught the course 9 times.
Rajeevan Amirtharajah (ENG 06) is an associate professor at the Univ. of California at Davis, and has taught the course 3 times as of Fall 2014.
Mary Lou Dorf (EECS 183) is a Lecturer IV at the Univ. of Michigan, and has taught the course 24 times as of Fall 2014.
Loukas Lazos (ECE 175) is an associate professor at the Univ. of Arizona, and has taught the course 5 times.
The teaching participants were asked their opinion for what caused student performance improvement during the course offering using an interactive textbook. A common answer was that the interactive textbook helped better prepare students, such as, "I assigned [interactive textbook] readings due every two weeks. I noticed a difference. The students would ask more involved questions. They noticed that the reading did the basics and that lecture reviewed the basics, but went more in depth --covering the exceptions and unusual cases." Another instructor wrote, "students read before class. Following on that, the questions students asked in lecture seemed to be less about syntax and more about design and high-level concepts."
The analyses were carried out by paper authors Edgcomb, a postdoctoral researcher at the Univ. of California, Riverside, and Vahid, a professor at Univ. of California, Riverside. Edgcomb is a developer at, and Vahid a co-founder of, Zyante, the publisher of the interactive books used in the study. Lysecky, Knoesen, and Amirtharajah co-authored some of the interactive books. Dorf and Lazos have no affiliation with Zyante. The teaching participants were early adopters of the interactive textbooks, which appeared in 2012/2013, which is how cross-semester analyses were enabled. Future work includes continuing cross-semester comparisons, and examining combinations of interactive textbooks with flipped classrooms.
Conclusion
The combined analysis of 1,945 students at four introductory programming courses at three universities showed that replacing static textbooks (or static online materials) by an interactive textbook, with most other course features remaining the same, resulted in substantial improvements in exam scores (13.6%), project scores (7.4%), and overall letter grade (12.6%, meaning 0.28 points on 4-point scale), with extremely strong statistical significance (p-value < 0.001). The individual cases studies showed many cases of dramatic improvements, especially for the lowest-quartile of a class, such as a nearly full letter-grade improvement for one class. The positive effects of the interactive textbook positively impact both project scores and exam scores.
If teaching with an interactive textbook, consider assigning activities worth in total 2.5 -10% of the overall course grade. If possible, the assigned activities would be due before class.
